We studied 29 retrieved smooth-surfaced hydroxyapatite (HA)-coated acetabular cups that had been in situ for an average of 54.9 months. The outer surface of all cups carried two circular grooves dividing the smooth surface. The extent of bony in-growth and hydroxyapatite absorption was calculated using a computer imaging system (analySIS-pro 3.0, Soft Imaging System GmbH, Germany). Absorption of HA was seen in all 29 cups. The extent of absorption was, on average, 60.5%. Twenty-five cups showed bony in-growth covering an average of 13.8% of the cup surface. Thirteen cups showed bony in-growth on the smooth surface as well as the circular grooves. On 11 cups, the bony in-growth was confined to the grooves. We found that bony in-growth on the smooth-surfaced HA-coated acetabular cup was minimal. It occurred along the two circular grooves rather than on the smooth surfaces. We conclude that a macro-structure surface enhancing bony in-growth is necessary for the long-term survival of the studied cup.
Introduction
Hydroxyapatite (HA), which has been used as a coating for total hip arthroplasty (THA) since the early 1980s, forms secure biological bonds between the prosthesis and bone soon after implantation [6, 9, 17, 18] . However, clinical studies of the HA-coated acetabular cup in THA have yielded mixed results, depending on the surface texture and geometry of the cups used [1, 10, 12] . THA has produced unsatisfactory results when the HA-coated acetabular cup has a smooth surface [12] .
In order to better understand why the smooth-surfaced HA-coated acetabular cup does not produce satisfactory results, the authors measured the extent of bone ingrowth and HA absorption of 29 retrieved cups using a computer imaging analysis software.
Materials and methods
Between February 1992 and June 1998, 289 primary THAs were performed at our hospital using a cementless HA-coated ABG hip prostheses (Anatomique Benoist Girad, Howmedica, UK). The HA coating was 60 µm thick (±10 µm). The acetabular cup had 12 screw holes and two circular grooves on the surface. One surgeon (K.S. Kim) performed all operations using standard surgical procedure. In all cases, the surgical approach was posterolateral, and weight bearing with crutches was allowed immediately after surgery.
Of the 289 THAs performed, 29 (10%) underwent revision. The retrieved acetabular cups, which had been in situ for an average of 54.9 months, were examined for this study. The joint diseases that originally caused the patients to seek THA were osteonecrosis (23 cases), osteoarthritis (five cases) and rheumatoid arthritis (one case). Average patient age at the time of the original THA operation was 58.6 years, and there were 18 men and 11 women. The average size of the acetabular cup used in the original THA was 51.5 mm, and the average thickness of the polyethylene liner with elevated rim was 7.859 mm. Two spikes were used to stabilize 27 of the acetabular cups, while screws were used for fixation in two cups. Each femoral head was made of a cobaltchrome alloy and was 28 mm in diameter. Gaps at the bone to prosthesis interface that were seen in 12 cases in the immediate postoperative radiographs had disappeared by 3 months after surgery.
The cause for revision was polyethylene wear and acetabular osteolysis (16 cases), aseptic cup loosening (ten cases), and recurrent posterior hip dislocation (three cases). More than 2 mm migration or more than 5°change of the cup angle in follow-up radiographs indicated aseptic loosening. Each smooth-surfaced HAcoated acetabular cup was removed without destruction of the acetabular bone stock, even when the cup had been fixed by bone ingrowth. No special equipment was needed for the removal of the cups. Wear on the polyethylene liners averaged 0.288 mm/ year. Gross inspection of the retrieved polyethylene liners revealed a backside deformity, with loss of machining lines and backside markings around the screw holes. In 14 liners, severe wear of the elevated rim of the polyethylene liner by impingement was seen.
The two circular grooves of the acetabular cup divided the outer surface into three surfaces: the medial surface, or the inner part of the medial circular groove; the mid surface, between the medial and lateral grooves; and the lateral surface, or the outer part of the lateral groove (Fig. 1) . First, the retrieved cup was visually examined for the extent of bone ingrowth and HA absorption by one author (Y.Y. Chung). Then, the extent of HA absorption and bone ingrowth were determined using an imaging analysis system (analySIS-pro 3.0, Soft Imaging System GmbH, Germany). Briefly, the three dimensional acetabular cups were converted into two dimensional figures using a digital camera that was located at a fixed frame 30 cm above the cup. Using imaging analysis system, each area where bone ingrowth had occurred was demarked and numbered, and the extent of bone ingrowth and HA absorption of each area was analyzed. The screw holes were excluded from the total surface area of the cup (Fig. 2) .
Results
Some degree of bone ingrowth was noted in 25 of the 29 retrieved acetabular cups. In four cups, no ingrowth was seen. Thirteen cups had bone ingrowth on the smooth surfaces as well as in the groove. In 11 cups, bone ingrowth occurred only in the grooves. In one case, bone ingrowth was seen on the smooth surface only. Bone ingrowth was present to a larger extent within the circular grooves than on the smooth surfaces. The bone ingrowth mainly occurred following the circular grooves. Bone ingrowth within the circular groove was observed in 24 of the 29 retrieved cups: in the medial groove in 22 cups, and in the lateral groove in 21 cups. On the smooth surface, it was observed in 14 of the 29 retrieved cups, on the medial surface in 11 cups, on the middle surface in 12 cups, and on the lateral surface in 8 cups. The extent of bone ingrowth was on average 13.8%.
Some degree of HA absorption was noted in all cups, and the extent of absorption averaged 60.5%. Complete absorption was observed in five cups.
Discussion
Because of its nontoxicity, biocompatibility and osteoconductivity, HA coating has been used in cementless THA [6, 9, 18] . Within a short time period, a HA-coated prosthesis is stabilized by a very strong bond with the bone with no fibrous tissue formation between the HA coating and the bone [4] . HA-coated implants can bridge bone defects of up to 2 mm in normal and osteoporotic bone [7] , whereas porous metallic coatings can bridge no more than 0.3 mm [11] . In our study, an initial gap between the cup and the acetabular bone was observed in 12 cases, but each gap disappeared during the follow-up period, usually by 3 months postoperatively. In 1995, Rossi et al. [16] reported that the gaps which were evi-284 Fig. 1 The retrieved acetabular cup was divided into three surfaces (medial, middle, and lateral) by two circular grooves (medial and lateral). Bone ingrowth was present to a larger extent within the circular grooves than on the smooth surfaces Fig. 2 The extent of bone ingrowth and hydroxyapatite (HA) absorption of the retrieved acetabular cup was measured using a computer image-analysis system. The central hole and 12 screw holes were excluded from the total surface area of the cup. The extent of bone ingrowth was17% and HA absorption was 3% dent in the immediate postoperative period disappeared in 3-12 months after THA with an HA-coated ABG hip prosthesis.
There are many factors affecting the clinical outcome using an HA-coated total hip prosthesis [8] . The HAcoated acetabular cup used for this study has the following properties: (1) a grit-blasted surface texture, (2) a thickness of 60 µm, (3) HA with a chemical purity of more than 99.99%, and (4) a porosity of less than 2%. It is our understanding that, because HA has a relatively weak shear force, the coating thickness affects the mechanical properties of the interface. The 60 µm thickness is the optimal value for withstanding shear fatigue and the resorption that occurs by mechanical and cellmediated processes. When properly applied on a gritblasted titanium surface, HA is mechanically and biologically stable [20] . The absorption of HA is essential to trigger its osteoconductive properties [2] . In dogs, Overgaard et al. [15] reported that 18-75% of the HA coating was reabsorbed. In our study, we found that HA absorption occurred in all cases, and that an average of 60.5% of the HA coating had been reabsorbed. Further, this study showed that the degree of HA absorption depended on the follow-up period. A slow, controlled absorption gives the surrounding bone the opportunity to replace the reabsorbed coating [19] . However, loss of HA coating could also occur by debonding from the prosthesis, resulting in prosthesis loosening. Retrieval studies have shown HA coating delamination and loosening of prosthetic components from a grit-blasted surface [3] . In our study, ten cups were revised because of aseptic loosening: bone ingrowth could not be observed in four of these. Although it was not possible to determine the exact cause of loosening in these cases, the rapid absorption or debonding, or both, of HA from the smooth-surface cups without physical interlocking are possible explanations.
Whether a macro-textured or a micro-textured surface of the HA-coated acetabular cup is better for bone ingrowth and prosthesis longevity has been a subject of debate. Manley [12] reported that the HA-coated threaded cups continued to perform well for more than 5 years postoperatively, but the HA-coated press-fit cups could not sustain the tensile stresses imposed between cup and bone by patient activity. Oosterbos et al. [14] , who studied 250 patients prospectively using smooth-surfaced HA-coated acetabular cups, found that all cups showed good osteointegration without any migration 5 years after implantation. There were no revisions for aseptic loosening. Although indications and patient age were different, our results were not quite as good as those of Oosterbos. We revised 29 of 289 cups at an average of 76.6 months after THA; ten were revised for aseptic loosening. These results were similar to that of Manley [12] . In our study, 25 of 29 cups had bone ingrowth on the surface of the acetabular cup, and the extent of bone ingrowth was 13.8% on average. However, in those retrieved cups (19) without aseptic loosening, the mean extent of bone ingrowth was 18%. Engh [5] reported that the degree of bone ingrowth of a porous acetabular cup was 35% on average.
Even if the extent of bone ingrowth was reduced by osteolysis in our study, it remains very low in comparison to that of a porous-coated cup. We believe that the low extent of bone ingrowth was one reason for the high failure rate in this study. We could remove the osteointegrated cups very easily without destruction of the acetabular bone stock. The bone ingrowth occurred along the circular grooves and on the surfaces adjacent to the grooves. It was ample in the groove, but very scanty on the smooth surfaces. In the circular groove, it was observed in 24 cups, but on the smooth surface in only 14 cups. Our data support the results of Manley [12] , who concluded that the macro-textured surface was superior to the micro-textured surface for bone ingrowth.
In our study, the rate of revision was 10% at an average of 76.6 months after implantation. Twenty-six of 29 cups were revised for aseptic loosening and osteolysis. Mann [13] , using a simple two-dimensional finite element model, showed that, if a socket was not interlocked but only bonded to the acetabulum, the shear stresses at the periphery of the fixation interface were ten times greater than they would be if the metal shell was physically interlocked with the acetabular bone. In our study, ten cups were revised for aseptic loosening, and bone ingrowth was seen in six of these. The extent of bone ingrowth of these six cups was 10.9%. Our data showed that, in cups revised for aseptic loosening but with bone ingrowth on the surface, loosening probably occurred after bone ingrowth. Although it is not possible to determine the exact causes of cup loosening, it may be the result of the shear stresses developed by daily activity. The HA-coated smooth-surfaced cup was not physically interlocked but only bonded to the acetabular bone. To our knowledge, the amount of bone ingrowth necessary to maintain implant fixation has not been investigated, but 10.9% is probably insufficient to tolerate normal stresses over time. We think that the failure of the smooth-surfaced HA-coated cup occurred over time. Four of the ten cups revised for aseptic loosening had no soft tissue interlocking or bone ingrowth. It is not reasonable to expect soft tissue interlocking of a smooth-surfaced HAcoated cup and, with no osteointegration, the cup will not maintain stability and eventually will fail.
In addition, the ABG acetabular cup used in this study had too many screw holes, as well as problems with the locking mechanism of the polyethylene liner. Many screw holes not only reduce the potential area for bone ingrowth but also become the entry portal for polyethylene debris into the acetabular bone. All retrieved polyethylene liners had loss of the machining line, as well as screw-hole markings on the backside. This indicates motion between the metal shell and liner. While it was not possible to determine the reasons for excessive wear of the liner and the high acetabular osteolysis rate, we can postulate that too many screw holes and problems with the locking mechanism were among the reasons for the high failure of HA-coated acetabular cups.
HA coating enhances bone ingrowth in a short period. However, the extent of bone ingrowth on the smoothsurfaced HA-coated acetabular cup was minimal and the extent on smooth surfaces was less than on the circular grooves. We believe the macro-texture of the circular grooves was superior to the micro-texture of the smooth surfaces for bone ingrowth which, on the microtextured smooth surfaces, was too weak to maintain long-term cup stability. Improvement of the polyethylene liner and cup surface texture should increase survival rate of HAcoated ABG hip prosthesis.
